Introduction
============

For successful application of nanomaterials in biology and medicine and for the assessment of their toxicity, a mechanistic understanding of their interactions with biological systems is of critical importance.^[@cit1]--[@cit3]^ Fluorescence microscopy is the method of choice to explore nano--bio interactions on the cellular level mainly because of its high sensitivity and molecular specificity. Moreover, it allows monitoring of nano--bio interactions in real time without disturbing the biological environment. Indeed, over the past decades, fluorescence microscopy-based techniques have been widely employed to investigate many important aspects in nanobiotechnology, *i.e.*, formation of the biomolecular corona,^[@cit4],[@cit5]^ endocytosis mechanisms and intracellular trafficking of nanoparticles (NPs),^[@cit6]--[@cit9]^ and *in vivo* behavior of administered NPs.^[@cit10]--[@cit12]^

Conventional optical microscopy is limited by its moderate spatial resolution (*ca.* 250 nm), which is greater than the dimensions of many subcellular structures as well as most nanomaterials. Consequently, processes at the nano--bio interface occurring on a spatial scale smaller than the resolution cannot be reliably studied. With the rapid advancement of super-resolution fluorescence microscopy (fluorescence nanoscopy) in recent years, the spatial resolution of optical imaging has been extended far beyond the diffraction limit, approaching virtually molecular resolution.^[@cit13]--[@cit15]^ Undoubtedly, the use of super-resolution microscopy in nanobiotechnology offers vast opportunities for further revealing the intricate interactions between nanomaterials and biological entities, but is still in its infancy.^[@cit16]--[@cit18]^ Nanoscopic imaging, especially in living cells and organisms, relies heavily on suitable photophysical properties of the fluorophore, including high photostability, brightness and facile photocontrollability, *i.e.*, the capability of light-induced switching between 'on' and 'off' states.^[@cit19]^ Many conventional fluorophores including organic dyes and fluorescent proteins have been utilized for live-cell nanoscopy,^[@cit15],[@cit20],[@cit21]^ whereas there are only very few reports employing nanoparticles for this purpose.^[@cit22]--[@cit24]^ Development of NPs for super-resolution imaging (sriNPs) can greatly enrich the toolbox of robust optical nanoprobes for biological studies.^[@cit25]--[@cit27]^ Moreover, they enable us to monitor the behavior of engineered NPs in complex biological environments with higher spatial resolution, which is important for advancing our understanding of nano--bio interactions.^[@cit28]^

Here we report a facile and universal strategy of preparing such sriNPs by incorporating commercially available dyes in a controlled fashion into NPs during their synthesis. By using stimulated emission depletion (STED) nanoscopy,^[@cit29]^ we demonstrate that these sriNPs retain the photocontrollability of the loaded dyes. In fact, the photostability of the NPs is superior to the one of the incorporated dyes, even under intense STED illumination. We chose transferrin-based protein NPs (Tf NPs) as model NPs in view of their widespread use as drug carriers in clinical medicine^[@cit30]^ and the capability of Tf to target a variety of cancer cells that have Tf receptors overexpressed on their cell surfaces.^[@cit31]^ By using Atto647N, a red-emitting dye often used for STED nanoscopy for labeling,^[@cit32],[@cit33]^ we can image the internalization of our sriNPs by living cells with super-resolution.

Results and discussion
======================

Synthesis and characterization of sriNPs
----------------------------------------

Our strategy to synthesize Atto647N--Tf NPs is fairly straightforward ([Fig. 1A](#fig1){ref-type="fig"}). We first labelled the protein by reacting Tf with Atto647N--NHS-ester. Afterwards, Atto647N--Tf was mixed with unlabeled Tf at a defined molar ratio in H~2~O to adjust the labeling density (brightness), and then desolvated by slowly adding acetone (for details, see the Experimental section, ESI[†](#fn1){ref-type="fn"}).^[@cit34]^ Upon crosslinking with glutaraldehyde and further purification, Atto647N-loaded Tf NPs were obtained. We characterized the size and morphology of the NPs by using high-angle annular dark-field detector (HAADF) scanning transmission electron microscope (STEM). The NPs appear predominantly as well-isolated spheres. However, some NP clusters are visible that presumably formed during preparation of the STEM samples ([Fig. 1B](#fig1){ref-type="fig"}). Statistical analysis of \>200 well-dispersed NPs from STEM images yields a diameter of 25 ± 4 nm ([Fig. 1D](#fig1){ref-type="fig"}), which is considerably smaller than the size measured by dynamic light scattering (DLS), 44 ± 6 nm (Fig. S1, ESI[†](#fn1){ref-type="fn"}). This difference can be attributed to the shrinking of biomaterials during STEM sample preparation, and to the additional hydration layer of NPs in the aqueous medium that DLS is sensitive to. The composition of Atto647N--Tf NPs was evaluated by energy dispersive X-ray spectroscopy (EDXS) elementary mapping on a single-particle level. As shown in [Fig. 1C](#fig1){ref-type="fig"}, signals from nitrogen (N K~α1~), sulfur (S K~α1~) and oxygen (O K~α1~), the key elemental composition of protein NPs, were distributed over the whole particle.

![Schematic illustration of (A) Atto647N--Tf NP synthesis, (B) characterization by HAADF-STEM and (C) HAADF-STEM image and single particle-level EDXS elementary maps showing the distribution of oxygen (O-Kα1 line -- blue), nitrogen (N-Kα1 line -- red) and sulfur (S-Kα1 line -- green) within the NP. (D) Histogram of Atto647N--Tf NP size distribution measured based on STEM images; the blue line shows the corresponding Gaussian fit. The size analysis was carried out by using ImageJ software.](c6sc04664a-f1){#fig1}

The fluorescence spectra suggest that the Atto647N--Tf NPs essentially retain the fluorescence properties of the incorporated fluorophores. Compared with the free Atto647N--Tf conjugates in phosphate buffer saline (PBS), the emission maximum of the NPs is shifted slightly from 669 to 667 nm (Fig. S2, ESI[†](#fn1){ref-type="fn"}), suggesting that the incorporated Atto647N are mostly embedded in the less polar protein nanostructure. In addition, the altered local microenvironment also modifies the fluorescence lifetime of Atto647N; it increased from 1.52 ± 0.01 ns for free Atto647N--Tf to 1.80 ± 0.03 ns for Atto647N--Tf NPs (Fig. S3, ESI[†](#fn1){ref-type="fn"}). Both lifetimes are smaller than that of Atto647N, 3.56 ± 0.01 ns. Fluorophore encapsulation often results in enhanced photostability.^[@cit35],[@cit36]^ Indeed, upon illumination of Atto647N--Tf NPs with a STED depletion laser (780 nm, 80 MHz pulses of 300 ps width, 28 mW), after acquisition of *ca.* 130 image frames the fluorescence intensity dropped to half of the original intensity ([Fig. 2A](#fig2){ref-type="fig"}), *cf*. 80 frames for Atto647N--Tf conjugates. Improved photostability of sriNPs is advantageous for long-term imaging as well as fast particle tracking. As for free Atto647N in solution, the fluorescence of Atto647N--Tf NPs is insensitive to solvent pH in the range of 4--10 (Fig. S4, ESI[†](#fn1){ref-type="fn"}).

![Characterization of the photostability and biocompatibility of Atto647N--Tf NPs. (A) Average fluorescence intensity plotted against the number of image frames upon repeated scanning of Atto647N--Tf NPs (black) and Atto647N--Tf (red) immobilized on glass surfaces, with 780 nm STED laser pulses of 28 mW at the sample and pixel dwell time of 40 μs. (B) Hydrodynamic diameter of Atto647N--Tf NPs in PBS and DMEM, measured by DLS, as a function of incubation time. (C) Viability of HeLa cells after 24 h incubation with different concentrations of Atto647N--Tf NPs, determined by a MTT assay. (D) Viability of HeLa cells after incubation with 1 nM Atto647N--Tf NPs (grey) compared with control samples (blue) over a period of three days, determined by a MTT assay. The error bars represent standard deviations among four independent measurements.](c6sc04664a-f2){#fig2}

Laser Doppler anemometry of Atto647N--Tf NPs in PBS shows a negative ζ-potential of --38.2 ± 2.7 mV, implying a good colloidal stability in aqueous medium. The hydrodynamic diameter of these sriNPs, as measured by DLS, remains essentially constant in either PBS or cell culture medium (Dulbecco\'s Modified Eagle\'s Medium, DMEM) over 24 h ([Fig. 2B](#fig2){ref-type="fig"}). In fact, we did not observe any precipitation or agglomeration of these NPs in PBS when stored at 4 °C for more than one year. The robustness of these NPs can be attributed to the efficient chemical crosslinking of the ε-amino groups of lysine residues of Tf molecules by glutaraldehyde. Accordingly, due to removal of basic groups, glutaraldehyde crosslinking also results in a decrease of the isoelectric point (pI) of Tf from 6.0 in the free form to 5.0 in the NPs (Fig. S5, ESI[†](#fn1){ref-type="fn"}).^[@cit37]^ Moreover, owing to the covalent linkage of Atto647N to proteins, there is no leakage of dyes from the NPs. Additionally, we have synthesized similar sriNPs by replacing Atto647N with other fluorophores, *e.g.*, AlexaFluor 647 (data not shown).

STED imaging using sriNPs
-------------------------

To assess the usability of our Atto647N--Tf NPs for super-resolution imaging, we dispersed the NPs on a glass coverslip and imaged them with our home-built STED confocal microscopy setup.^[@cit33]^ Comparison of a typical confocal image with a STED image of the same region shows much sharper NP structures in the latter, implying a marked resolution improvement by using STED ([Fig. 3](#fig3){ref-type="fig"}). By analyzing \>100 individual NPs and fitting their profiles by Gaussians, we obtained an average diameter of 78 ± 1 nm (FWHM, full width at half maximum) from the STED images ([Fig. 3D](#fig3){ref-type="fig"}). In contrast, the average diameter obtained from the confocal reference image was 246 ± 4 nm, as expected for the diffraction-limited confocal microscopy. Considering that the actual diameter of Tf NPs is about 44 nm, as measured by DLS, the resolution of STED and confocal microscopy using our sriNPs were calculated to be 64 and 242 nm, respectively (for details, see the Experimental section, ESI[†](#fn1){ref-type="fn"}). Thus a roughly four-fold resolution improvement was achieved by using our sriNPs for STED imaging. Apparently, our Tf NPs retain the super-resolution imaging capability of Atto647N and, therefore, can be used as nanoprobes in biology studies.

![Typical confocal (A) and STED (B) microscopy images of Atto647N--Tf NPs immobilized on glass surfaces. Scale bars: 1 μm. (C) Intensity profiles of the NP images marked as white squares in A and B, taken in confocal (blue) and STED (red) modes. Full width at half maximum (FWHM) values were determined by Gaussian fits (solid lines). (D) Statistical analysis of FWHM values obtained for \>100 individual emitting particles in both confocal (blue) and STED (red) microscopy images; the black curves depict the corresponding Gaussian fits.](c6sc04664a-f3){#fig3}

We further assessed the biocompatibility of Atto647N--Tf NPs. Since they are predominantly composed of proteins, we expected a good biocompatibility. Indeed, we observed that cell viability of HeLa cells was greater than 80% after incubating with Atto647N--Tf NPs in the concentration range of 0--10 nM for 24 h ([Fig. 2C](#fig2){ref-type="fig"}), as judged from a MTT assay, which assesses the cells\' metabolic activity. Moreover, we did not observe any change in cell viability or proliferation upon Atto647N--Tf NP exposure over a period of 96 h ([Fig. 2D](#fig2){ref-type="fig"} and S6, ESI[†](#fn1){ref-type="fn"}), which attests to the excellent biocompatibility of these protein-based nanomaterials.

Cellular uptake of sriNPs
-------------------------

We note that a concentration of Atto647N--Tf NPs as low as 1 nM can already sufficiently stain HeLa cells, as revealed by confocal microscopy images showing bright fluorescence inside live cells after incubation with 1 nM NPs for 2 h (Fig. S7, ESI[†](#fn1){ref-type="fn"}). Tf is a well-studied glycoprotein involved in iron transport from blood to cells through internalization *via* receptor-mediated endocytosis. Thus, tumor cells over-expressing Tf receptors such as HeLa cells are ideal targets for Tf conjugates.^[@cit38]^ By using specific cellular organelle markers, we found that these Atto647N--Tf NPs were mainly enriched in endosomal vesicles upon internalization, as evidenced by significant overlap of the fluorescence intensities of Tf NP with early endosome markers in confocal images ([Fig. 4](#fig4){ref-type="fig"}). Quantitative analysis revealed that 86% of Tf NPs were colocalized with early endosome structures. Apparently, the NPs have a similar fate as native Tf, which is delivered to endosomes, suggesting that Tf proteins on the NP surface still retain their recognition function.

![Typical confocal fluorescence images of HeLa cells after incubation with ((A), red) 1 nM Atto647N--Tf NPs, and ((B), green) stained with Rab5a--GFP fusion protein-based early endosome marker. (C) Yellow spots in the overlap image represent Atto647N--Tf NP colocalization with endosomes. Scale bar, 20 μm. (D) Quantitative comparison of Atto647N--Tf NP internalization by HeLa cells in the presence and absence of chlorpromazine or free Tf in the cell culture medium. Results are averages \>60 cells; error bars denote standard errors of the mean.](c6sc04664a-f4){#fig4}

Tf is known to be predominantly internalized *via* clathrin-coated vesicles.^[@cit39],[@cit40]^ By using chlorpromazine, an inhibitor known to suppress clathrin-mediated endocytosis,^[@cit17]^ we observed 69.3 ± 3.5% decreased fluorescence intensity (normalized by the cell area) from internalized Tf NPs by HeLa cells ([Fig. 4D](#fig4){ref-type="fig"}). Moreover, by co-incubating Tf NPs with 20 μM Tf solution, the fluorescence intensity of internalized Tf NPs decreased by 38.5 ± 4.4%. Apparently, free Tf molecules in the culture medium competitively bind to Tf receptors on the cell surfaces, thus suppressing the uptake of Tf NPs. The circular dichroism spectra of Tf within the NP complex were altered from those of native Tf molecules (Fig. S8, ESI[†](#fn1){ref-type="fn"}), revealing changes of the protein secondary structure. We expect that proteins in the interior of the NPs will suffer extensive conformational changes due to desolvation and chemical crosslinking, whereas those proteins on the NP surface likely retain more native structure, certainly to an extent that they are still capable of triggering Tf-specific endocytosis processes.

STED imaging using sriNPs in live cells
---------------------------------------

We further explored the application of Atto647N--Tf NPs for super-resolution imaging in live cells by using STED nanoscopy. HeLa cells were imaged after Atto647N--Tf NPs internalization from DMEM for 2 h. In comparison with confocal images, STED images reveal sharper structures ([Fig. 5](#fig5){ref-type="fig"}). In many cases, closely adjacent clusters, which appear as larger structures in confocal images, can be well-distinguished in the STED mode (an example is shown in the insets in [Fig. 5A and B](#fig5){ref-type="fig"}). From systematic inspection of \>300 punctate fluorescent features in 18 different cells, we found that those imaged by STED had an average diameter of 176 ± 5 nm, markedly smaller than the value we obtained from confocal images of 242 ± 3 nm. However, those features are more than twice as large as the images of individual Tf NPs in STED mode ([Fig. 3](#fig3){ref-type="fig"}), suggesting that the internalized Tf NPs mostly formed clusters composed of multiple Tf NPs ([Fig. 5D](#fig5){ref-type="fig"}).

![Typical (A) confocal and (B) STED microscopy images of Atto647N--Tf NPs inside HeLa cells. Insets are close-up views of the regions indicated with a dotted white square. Scale bar: 10 μm. (C) Statistical analysis of FWHM values obtained for \>200 individual emitting species in both confocal (blue) and STED (red) microscopy images; the black curves represent corresponding Gaussian fits. (D) Schematic illustration of the internalization of multiple Tf NPs into one vesicle.](c6sc04664a-f5){#fig5}

Clathrin assembly typically results in formation of coated pits of about 150 nm, which will be enlarged upon cargo loading, *i.e.*, NP incorporation.^[@cit17],[@cit41],[@cit42]^ Indeed, by using the resolution of STED nanoscopy that we obtained for sriNPs (64 nm), the actual size of fluorescent structures in the cells was calculated to be 164 nm, which is in good agreement with the expected dimension of clathrin-coated vesicles internalizing Tf NPs *via* receptor-mediated endocytosis. The number of Tf NPs in each vesicle is estimated to be *ca.* 50, assuming that all volume of the (spherical) vesicle is densely packed by NPs, which, however, may be difficult to achieve, for example, due to solvent molecules surrounding the NPs. Although the close proximity of several NPs inside an endosome makes it challenging to distinguish individual particles, the distinctly larger size of clusters we measured by STED still reliably supports the co-existence of multiple NP inside each endosome.

Besides enhancing the spatial resolution, the temporal resolution of STED imaging can also be improved using these sriNPs. Under identical imaging conditions, the average photon number registered from individual sriNPs was more than four-fold of that registered from single dye molecules (Atto647N, Fig. S9, ESI[†](#fn1){ref-type="fn"}). Accordingly, we can reduce the pixel dwell time and therefore, speed up imaging. The resultant temporal resolution will be beneficial in sriNPs applications aimed at monitoring fast dynamics inside living cells.

Conclusions
===========

In summary, we have developed a facile strategy to prepare protein-based fluorescent NPs that can be utilized as probes in super-resolution microscopy. The method is simple and straightforward, and easily extendible to other types of fluorophores as needed for specific applications. By using Atto647N--Tf NPs as an example, we have achieved a roughly four-fold resolution improvement by using STED nanoscopy. Moreover, these protein-based NPs possess excellent biocompatibility, good colloidal stability and photostability, making them attractive candidates for biological studies. As our cellular uptake experiments showed, STED nanoscopy enabled the precise imaging of NP structures in living cells, and revealed the co-existence of multiple NPs within one endosomal vesicle. With abundant functional groups on their surfaces, multifunctional probes based on these sriNPs should be readily achievable, *e.g.*, by endowing them with targeting and/or therapeutic capabilities through facile conjugation. We expect that the combination of STED nanoscopy with protein-based NPs opens up exciting new opportunities for further advances in nanobiotechnology.
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